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Dynamic RNA molecules carry out essential processes in the cell
including translation and splicing. Base-pair interactions stabilize
RNA into relatively rigid structures, while flexible non-base-paired
regions allow RNA to undergo conformational changes required
for function. To advance our understanding of RNA folding and dy-
namics it is critical to know the flexibility of these un-base-paired
regions and how it depends on counterions. Yet, information about
nucleic acid polymer properties is mainly derived from studies of
ssDNA. Here we measure the persistence lengths (/;) of ssRNA.
We observe valence and ionic strength-dependent differences in
I, in a direct comparison between 40-mers of deoxythymidylate
(dT,0) and uridylate (rU,) measured using the powerful combina-
tion of SAXS and smFRET. We also show that nucleic acid flexibility
is influenced by local environment (an adjoining double helix). Our
results illustrate the complex interplay between conformation and
ion environment that modulates nucleic acid function in vivo.

single molecule FRET | small angle X-ray scattering | worm-like chain |
ion—-nucleic acid interactions

Nucleic acids in the cell are dynamic and undergo structural
changes as they transmit and process genetic information.
Dynamic processes related to biological function (e.g., transcrip-
tion for DNA and recognition and folding for RNA) involve non-
base-paired regions that confer flexibility to the overall structure.
For RNAs like riboswitches that exchange between multiple
structures in equilibrium (1), conformational disorder is often
an intrinsic property of the molecule and important for biological
function. Even relatively stable molecules like catalytic introns
and transfer RNA must pass through a disordered phase while
folding. Thus, progress toward a mechanistic understanding of
RNA folding and dynamics will require detailed knowledge of
nucleic acid chain flexibility and its dependence on base content,
solution conditions, and molecular context.

In light of its importance to biology, it is surprising that RNA
flexibility has not been studied in as much detail as DNA flexibil-
ity. Despite the chemical similarity of the RNA and DNA back-
bone, there is ample evidence from X-ray crystallography that the
identity of the sugar (ribose vs. deoxy-ribose) affects backbone
conformations (2). However, researchers have used the proper-
ties of DNA to understand RNA folding (3) because correspond-
ing information for RNA was lacking. This difficulty motivates
our present efforts to measure and directly compare the flexibil-
ities of single-stranded nucleic acids (ssSRNA and ssDNA).

In the cell, RNA and DNA interact with cations that screen
the negatively charged phosphate backbone. Both diffuse and
specifically bound ions are important for RNA folding (4), and
divalent ions are almost always required to stabilize RNA tertiary
structures (5-8). A full mechanistic description of these ion
effects is complicated by the fact that ions can interact with RNA
differently during various stages of folding (9, 10). The interac-
tions between ions and ordered nucleic acid structures have been
characterized theoretically and experimentally (e.g., refs. 11-16).
However, a comparable analysis for the flexible and disordered
regions is hampered by the lack of detailed knowledge of back-
bone conformations in solution and how these depend on base
content, sugar type, and salt ions present.

www.pnas.org/cgi/doi/10.1073/pnas.1119057109

Previous measurements of flexible single-stranded nucleic
acids using fluorescence correlation spectroscopy (FCS) (17),
single molecule Forster resonance energy transfer (smFRET)
(18, 19), and force spectroscopy (20-23) have not provided a con-
sensus picture of backbone conformations. These studies use a
variety of nucleic acid constructs (of varying composition and
length, with or without molecular handles or fluorescent tags)
and interpret data with different models and starting assump-
tions. Equilibrium structural measurements of disordered macro-
molecules are inherently problematic when one tries to describe
a large ensemble of structures with just a few experimental vari-
ables. This difficulty is found in the protein folding literature,
where small angle X-ray scattering (SAXS) and sSmFRET mea-
surements of denatured state collapse appear irreconcilable
(24-26). This highlights the need for studies of disordered macro-
molecules that not only apply multiple complementary techni-
ques to the same system but, more importantly, interpret these
results using the same models and assumptions.

The worm-like chain (WLC) model (27) is a commonly used
model providing convenient analytical functions that relate ex-
perimental observables like smFRET efficiencies (28) and SAXS
curves (29) to underlying polymer properties. In this model, the
polymer is described as a chain of fixed length (L) that is continu-
ously flexible. The stiffness of the chain is parameterized by its
persistence length (/,). This is the characteristic length scale over
which the chain maintains a certain direction. Various polyelec-
trolyte theories in the context of the WLC have been developed
(30-33), but in general they describe the measured persistence
length /, as the sum of two components: (i) an intrinsic stiffness
due to chain properties (/y) and (ii) electrostatic repulsion within
the chain (/). In this report, the term “flexibility” will refer to the
apparent persistence length ,, which is a sum of the intrinsic (/)
and the electrostatic (I,;) components (I, = I, + I,;). Our choice of
the WLC model to describe ssDNA and ssSRNA was motivated
not only by the presence of tractable analytical relations but also
by its extensive use in previous fluorescence-based studies of
ssDNA (17-19), which allows us to put our findings in the context
of previous studies.

Here, we provide a direct comparison of the properties of
ssDNA and ssRNA in solution. The powerful combination of
SAXS and smFRET reveals important structural information
about dT,, and rU,, nucleic acid chains that undergo minimal
stacking interactions. The FRET efficiency and the full SAXS
curve are consistent with the WLC model for flexible polymers.
We show that ssRNA and ssDNA chains differ in both flexibility
and spatial extent. This difference is likely to influence their
molecular recognition and folding properties and has the poten-
tial to further our understanding of the different roles played by
DNA and RNA in cells. By using smFRET over a wide range of
Mg?* and Na* concentrations, we find that the apparent charge
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screening efficiency of Mg?* is anomalously large compared
to Na* in both ssRNA and ssDNA; comparable to previously
measured ratios for double-stranded DNA (34). The strong inter-
action between Mg?* and unfolded nucleic acids challenges our
understanding of how ions influence the folding process.

Results

Compaction of dT,, and rU,, in MgCl, and NaCl Revealed by smFRET.
To compare the flexibilities of dT4, and rUyy, we measured the
FRET-averaged end-to-end distance, (R)grgr, at varying concen-
trations of NaCl using smFRET for freely diffusing molecules.
The efficiency of energy transfer (Errgr) between Cy3 and Cy5
attached to the 3’ and 5’ ends of the nucleic acid chains was mea-
sured and converted to (R)prpy using experimentally measured
values of Forster radius R, (see Materials and Methods for
details). FRET efficiency (Epgrgr) histograms from smFRET of
dT4y and rUy, at all conditions contained one peak, indicating
that conformational fluctuations take place on time scales much
faster than the dwell time of the molecule in the observation vo-
lume (approximately 500 ps). This is consistent with other studies
directly measuring the end-to-end contact rates in poly-dT (35).

As expected, (R)grer values of both dTy, (filled circles) and
rU,, (unfilled circles) decreased with increased salt concentra-
tion as excess cations reduced repulsion along the negatively
charged backbone (Fig. 14). (R)grgr of both nucleic acids were
indistinguishable at NaCl concentrations below 400 mM, but
above 400 mM dTy, has a smaller (R)grpr than rUyy. Assuming
that /,; goes to zero at high ionic strengths, the observed diver-
gence of end-to-end distance in high salt concentrations indicates
differences in the intrinsic flexibilities (/;) of dT4o and rUy.

To compare the charge screening efficiency of monovalent and
divalent cations, we also measured (R)prgr Of dTyy and rUy, in
the presence of increasing concentrations of MgCl,, as shown in
Fig. 1B. Similar to its behavior in NaCl, (R)gggy of both dT,, and
rU,, decreased as the concentration of MgCl, increased. At the
same ionic strength, both dT,, and rUy, had a smaller (R)gggy in
Mg?* than in Na*, indicating that the nucleic acids were more
collapsed in Mg>* than in Na*.

We investigated the effect of local environment on the flexibil-
ity of the single-stranded nucleic acid by measuring (R)grgr of
dT4 with an 18-mer double-stranded helix attached to one
end (dT,o-duplex; see inset of Fig. 2) at different NaCl concen-
trations. Compared to the single-stranded dT,, the presence of a
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helix at one end of the dT,, chain results in a larger (R)gggy. This
indicates that the conformation of the nucleic acid chain is very
sensitive to the local environment and the presence of a helix can
cause the dT,, chain to appear more extended.

Determination of WLC Model Parameters for dT, and rU, Using
smFRET and SAXS data. While it is clear from smFRET measure-
ments that dT,, and U, have different properties and that Mg?+
is more effective at charge screening than Na™ at the same ionic
strength, further interpretation of the FRET data requires a
model for the end-to-end distance distribution. The WLC model
uses two parameters to specify this distribution: (i) the contour
length, L, and (i) the persistence length /,. The fact that smFRET
measures only one parameter (the FRET efficiency) means that
additional information is required to define the polymer proper-
ties. For the same reason, the FRET efficiency cannot be used to
determine whether WLC is an appropriate model. To address
both concerns, we additionally performed SAXS measurements
of dT4y and rUy, at 100 mM NaCl and asked whether the WLC
model could account for the entire scattering curve in addition to
the smFRET data.

The SAXS and smFRET data at 100mM NaCl were fit simul-
taneously to the WLC model for each nucleic acid using
nonlinear optimization. Semianalytical methods were used to cal-
culate the FRET efficiency (19) and scattering curve (29) from
model parameters (see Materials and Methods). The WLC scat-
tering curves are in excellent agreement with the SAXS data
while predicting the FRET data within the experimental uncer-
tainty (Fig. 34). The values of L and /, that allowed the WLC
model to fit the experimental data to at least 95% confidence
are shown by the shaded ellipses in Fig. 3B. These acceptable
values for dT,, and rU,, are represented by nonoverlapping re-
gions in L — I, space, confirming that rU and dT have significantly
different flexibilities despite having similar (R)pgpr at low ionic
strength.

The lon-Dependent Flexibilities of rU and dT. The WLC model with
best-fit contour lengths, L = 196.4 A and L =225.6 A for Uy
and dT,, respectively, was used to convert (R)ggrgr (Fig. 1) to [,
over a wide range of ionic conditions corrected for activity (36) in
Fig. 4. The ionic strength (/) dependence of /, of each nucleic acid
is well described by a phenomenologically derived function,

72 — T T T T T T T 1
ey

70._ g [u] rU40 _

40

68 |- —

@
>
HmH

S
L
1

2 22
LI
Hh
HTD
| |

<R>prer (A)

A
(=]
—TT
1

& ]
il

0 20 40 60 80 100
MgCl, concentration (mM)

a
[=2]

T
B{H

a
Y

Fig. 1. The FRET-averaged end-to-end distance, (R)erer = Ro(1/Egrer — 1)/ was calculated from measured values of the Férster radius Ry and the average
FRET efficiencies Erger for dTy (filled) and rU,q (unfilled) in NaCl (Left) and MgCl, (Right). Error bars are standard errors from combined uncertainties in Ry and
Efrer- The decrease in end-to-end distance is expected as excess cations screen the negatively charged nucleic acid backbone, resulting in greater chain flex-
ibility at high salt. While rU,o and dT4, are the same within error up to approximately 200 mM Nadl, they diverge at high salt, with dT4, appearing more

compact. Similar trends are observed in Mg (Right).
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Fig. 2. The presence of an attached duplex changes the measured flexibility
of ssDNA. The 40-mer construct with (dT4o-duplex, triangles) and without
(dTyo, circles) an attached 18-bp duplex DNA exhibit different smFRET-aver-
aged end-to-end distances, (R)ger, at all NaCl concentrations measured. This
indicates that the duplex excludes the single-stranded chain from its vicinity
and may explain the discrepancy between our smFRET measurements of
freely diffusing dT,4, and previous studies using tethered DNA that report
more extended chains.
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Fig.3. (A) SAXS curves for 75 pM dTy (circles) and rUgq (triangles) in 100 mM

NaCl are shown together with a WLC model for the scattering (solid lines)
that optimizes the fit to SAXS data and smFRET data ((R)grer = 66.3+
1.5 A for both rU and dT). Experimental uncertainties were used as weights
in the fit. The best-fit values of L and /, predict (R)gger values of 68.0 AfordT
and 67.2 A for rU. The WLC scattering curves include an overall scale factor
and an additional free parameter, R, to correct for finite molecular cross-
section (see Materials and Methods) equal to 4.2 A for rU and 3.7 A for
dT. In the inset (B), the persistence length /, and the contour length L of each
WLC are shown as symbols with ellipses that enclose the 95% confidence in-
terval. The nonoverlapping ellipses show that dT4, and rU,, are described by
WLCs with significantly different properties: dT4o has a longer L and a shorter
Ip than rU,. The cartoon depictions of ssDNA (C) and ssRNA (D) illustrate this
difference: the RNA chain is drawn with a shorter distance between mono-
mers and a less flexible backbone.
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The equation satisfies the requirements of (i) a power-law limit-
ing behavior at high ionic strength (I > b~") of I,(I) —,(c0)~

I7"? predicted from polyelectrolyte theories where the electro-
static contribution to persistence length /,; depends on the Debye
screening length k=! ~ I=1/2 asl,; ~ ™" and (ii) a finite persistence
length in no excess salt. The parameter, b, represents the charge
screening efficiency and is equal to the inverse of the ionic
strength at the midpoint between the most extended and compact
states of the molecule. We fit our measured values of (R)grgr tO
Eq. 1 to obtain b, n, [,(c0), and [,(0) in both Na*™ and Mg?*. We
also imposed the condition that /,(co0) and £,(0) values for Uy, or
dT,, had to be the same in both salts but could vary between the
nucleic acids. These results are shown in Fig. 4.

Discussion

Using two complementary methods, SAXS and smFRET, we
observe that dT,, and rU,, have significantly different conforma-
tions in solution. This is evident from the smFRET data at high
ionic strengths, where electrostatic repulsion is expected to
be mostly screened by the ions and thus (R)prey reflects the in-
trinsic backbone flexibility. This difference between rU and dT
can also be seen when SAXS and smFRET data for the two
nucleic acids in 100 mM NaCl are used to constrain the WLC
model. In this case, RNA and DNA are best described by two
significantly different worm-like chains, as illustrated in Fig. 3.

Our finding that U,  has a shorter L and longer /,, is consistent
with how chemical differences between the nucleic acids are
known to affect backbone conformations. Sugar pucker can influ-
ence the interphosphate distance between adjacent bases, with C’
3 endo producing a more compressed backbone than C'2 endo
(37). NMR studies have shown that the sugar pucker in poly(dT)
is predominantly in the C'2 endo state (38) while poly(rU) is a
44:56 mixture of C'2 endo and C’'3 endo (39). Thus, we expect
rUy to have a shorter contour length. Also, while rUy, is known
to undergo the least stacking among the ribonucleotides, there is
some evidence that rU,, does in fact take part in some base stack-
ing (39, 40). We believe that base stacking in poly(rU) but not in
poly(dT) may cause rU,, to be more rigid than dT,,. Ultimately,
both sugar pucker and base stacking effects have the consequence
of making rU,, shorter and stiffer than dT,,.

Published literature on the flexibilities of ssSDNA and ssSRNA
reveals a rather large range of persistence lengths that span
10-60 A, measured using different techniques under a variety of
conditions (17, 18, 41, 42). While our measurements of /, (11-
22 A for dT ) fall within this range, they are on the low end even
when compared to similar studies using SmFRET. Perhaps most
meaningful is a comparison to ref. 19, a work that not only mea-
sured the Erger of dT,, tethered to a glass surface at the same
ionic strengths using smFRET but also used a similar WLC ana-
lysis. Interestingly, the authors found that /, was 15-30 A between
0 and 2 M NaCl, which is consistently approx1mately 50% higher
than our values over the entire range of ionic strength. Our mea-
surements of dT4y-duplex show why this difference might arise
(Fig. 2). The presence of a highly charged duplex nearby, like
the double-stranded tether used to immobilize the sSDNA, can
affect the (R)prpr measured. The strong electrostatic repulsion
from the duplex could reduce the space available to the single
strand by electrostatic excluded volume (13) or by stiffening the
chain in the vicinity of the duplex. Our measurements of dT,,
unencumbered by the repulsion of the duplex, find a shorter /,,
a lower (R)grpr, and a more compact chain. Interestingly, our
values for dT,4-duplex do not completely recover the values ob-
served in ref. 19, indicating that surface effects may also play a
role. Our results indicate that the effect of the tether, and possibly
that of the glass surface nearby, can have a strong effect on chain
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(Left) and rUyq (Right) is different in the presence of monovalent Nacl (filled

symbols) and divalent MgCl, (unfilled symbols). The x-axis is the activity corrected ionic strength and is represented on a logarithmic scale. Solid lines indicate
fits to a phenomenological model for the ionic strength dependence (see Eq. 1). For dT4g: by,+ = 5.83 +£0.53 M, byger = 168 £23 M, Ip(c0) =7.54+0.5 A,
I5(0) =20.9£0.5 A . For rUyg: bya- = 6.86 = 0.71 M, byg = 26430 M, ,(c0) = 10.1£0.6 A, /,(0) = 25.2 0.4 A. The scaling exponent, n, is shown in

the figure.

properties, and they highlight the extra care that experimenters
should take when interpreting results from tethered molecules.
The observation that polymer conformations can be perturbed
by adjoining duplexes also has implications for our understanding
of biologically relevant nucleic acids, which are often made up of
interspersed regions of unpaired and paired bases.

The differences in chain conformations in the presence of
Na*t or Mg?* can be explained in terms of nucleic acid—ion inter-
actions. For both RNA and DNA, we find that Mg?* is approxi-
mately 2040 times more efficient at charge screening than
Na™ in terms of ionic strength (60-120 times in terms of cation
concentration). This relative screening efficiency agrees well with
the approximately 17-83 times observed in single molecule force
spectroscopy of chemically denatured ssDNA (21), although
it disagrees with predictions from Debye-Hiickel (DH) theory
that screening efficiency should be determined solely by ionic
strength. We have also previously measured the repulsion be-
tween 25 bp duplex DNA in Na* and Mg>*and found that
3 mM MgCl, had the equivalent screening effect as 150 mM NaCl
(34), which yields an ionic strength ratio of approximately 17.

Polyelectrolyte theories for charged WLCs in salt solutions
predict a general power-law dependence of the electrostatic com-
ponent of the persistence length on the Debye screening factor.
The value of the scaling exponent, n, varies from 1 to 2 depending
on the assumptions of the model. Theoretical work from Ha and
Thirumalai (32) shows unambiguously which scaling theories ap-
ply depending on the relative length scales in the problem (/, and
the charge spacing, d). Assuming Iy =/,(c0) and d = L/40,
ssDNA and ssRNA should behave like flexible polyelectrolytes
with electrostatic persistence lengths given by the Odijk—Skol-
nick-Fixman (OSF) (30, 31) theory (n = 2) above approximately
60 mM ionic strength. We observe a crossover to power-law scal-
ing around this point for NaCl (i.e., 1/d). The predicted power-
law exponent of n =2 agrees with our data for dT,, in NaCl
(n =2.01 £0.17) but differs for rU in NaCl (n = 1.62 £0.13)
and for dT and rU in MgCl, (n = 1.52+0.22 and n = 1.43+
0.14, respectively).

The non-OSF scaling of rU,, in NaCl, and of both nucleic acids
in MgCl,, may indicate that more complex ion—nucleic acid inter-
actions are important for charge screening in these systems. The
OSF theory is based on the DH approximation for electrostatic
interactions. This approximation breaks down when high charge

802 | www.pnas.org/cgi/doi/10.1073/pnas.1119057109

densities and discrete ion effects become important. Netz and
Orland (43) go beyond DH theory and show that salt-dependent
charge renormalization can lead to an apparent scaling exponent
that becomes less ideal (smaller) for chains with higher linear
charge density. Intriguingly, we observe n < 2 for rU but not
for dT, a trend that is consistent with the charge renormalization
theory given our measurement of a shorter phosphate distance in
rU. Divalent ions are also expected to show a stronger charge
renormalization effect than monovalent ions. Accordingly, we ob-
serve a decrease in n in the presence of Mg?* for both nucleic
acids. While this intruiging result agrees with intuition from the-
ory, it is worth noting that apparent n < 2 scaling can also be
caused by excluded volume effects and finite chain length (44).
Thus, elucidation of the precise mechanism of electrostatic re-
laxation of rU and dT will require further study.

To parameterize the equilibrium distribution of chain confor-
mations, we relied exclusively on the WLC model. In this study,
the use of WLC is justified by the excellent agreement with ex-
perimental SAXS curves in 100 mM NaCl and corresponding
FRET data for both dT4, and rU,,. One weakness of WLC is its
neglect of excluded volume effects that can influence chain di-
mensions, particularly for longer chains. FCS measurements of
poly(dT) up to 100 nucleotides show non-Gaussian scaling in
10 mM NaCl (17). Furthermore, excluded volume considerations
were essential in interpreting the force-extension behavior of
comparatively long ssDNA at low ionic strengths (45). An ana-
lytical approach that combined electrostatics and excluded
volume was successful in describing FRET data from charged
proteins in denaturing salts (46). Atomistic modeling of highly
charged, disordered proteins in monovalent salt has also shown
good agreement with FCS data (47). We anticipate that both ana-
lytical and atomistic techniques will improve modeling of biolo-
gically relevant ssRNA and ssDNA. Complementary techniques
including SAXS and smFRET will be invaluable in this effort to
build better models going forward.

Conclusions

A combination of SAXS and smFRET revealed conformational
differences between model single-stranded nucleic acids lacking
secondary structure (dT, and rU,). In 100 mM NaCl, we
showed that while rU,, and dT,, resemble WLCs, rU,, has short-
er contour length (L) and longer persistence length (/,) than

Chen et al.
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dT4o. Applying this model to smFRET data, we find that rU,,
has longer /, than dT,, in Mg*" and Na* at all ionic strengths
measured. Furthermore, for both nucleic acids, we find that one
needs 2040 times lower ionic strength of MgCl, than NaCl to
achieve the same chain compaction. Similarly, we probed the
effect of the local environment on chain flexibility, showing that
the presence of a flanking double-stranded helix affects the con-
formation of the single-stranded region. This has implications
for biologically relevant nucleic acids with interspersed regions
of paired and unpaired bases. In the future, this work will be
extended by introducing different bases or mixed sequences to
understand the effect of base stacking on chain flexibility. The
difference in /, between ssSRNA and ssDNA and the dramatic ion
dependence of conformation are likely to affect folding and
interactions with binding partners in the cell.

Materials and Methods

Preparation of RNA and DNA Samples. All nucleic acid samples were synthe-
sized and HPLC purified (Integrated DNA Technologies Inc.). For smFRET ex-
periments, dT,o and rUg, were also labeled by the vendor with Cy3 and Cy5
fluorophores on the 3’ and 5’ ends respectively (Cy3-dT4o-Cy5 and Cy3-rUy-
Cy5). For experiments on the effect of an attached double helix, two separate
strands (3’-ACCGCTGCCGTCGCTCCG-Cy5-5" and 3'-Cy3-dT4,-CGGAGCGACGG-
CAGCGGT-5’) were mixed in 1: 1 ratio in pH 8 20 mM Tris buffer and annealed
for 2 min at 95 °C (dT4o-duplex). For SAXS experiments, dT4, and rU, were
resuspended in TE buffer at pH 7.5. Samples were buffer exchanged against
1 mM Na-MOPS at pH 7.0 with 100 mM NacCl. The concentration of nucleic
acids in each sample was determined using absorption at 260 nm (Cary 50,
Varian Inc.), and a concentration series (30, 75, and 150 pM) was made by
dilution.

SMFRET experiments were performed in eight-chambered coverglass
slides (Labtek, Nunc) that had been preincubated with 0.1% bovine serum
albumin (BSA) solution for at least 2 h and then washed with deionized water
to remove the unbound BSA. SmFRET experiments were conducted with vary-
ing amounts of NaCl and MgCl,, while the concentrations of the nucleic acids
used were approximately 100 pM to ensure that at most only one molecule
was in the focal volume at any time.

Single Molecule FRET for Freely Diffusing Molecules. FRET measurements were
performed in a standard confocal setup. Briefly, a 532-nm continuous wave
laser is directed through a beam expander into an Olympus IX71 inverted
microscope. A 60x UPlan-Apochromat objective focuses the beam down to
a tight focal spot in the Nunc-tek sample chamber. The fluorescence is col-
lected back from the same objective and separated from the excitation beam
by a 550 LP filter. The donor and acceptor fluorescence were further sepa-
rated by a 660-LP filter, and 570/40- and 670/40-LP filters in the donor and
acceptor channels, respectively, were put in to reduce cross talk and scatter
of laser excitation light. Donor and acceptor fluorescence were separately
collected through two 50-um single-mode optical fibers from OZ Optics
and detected by two single photon counting avalanche photodiodes from
Perkin—Elmer Inc. (AQ-SPCM). A Flex-2kD correlator card (Correlator.com)
in the Photon Counting mode samples the photon counts at 25-ns intervals
and sends the data to a computer to be saved. Photon traces of each sample
were recorded in 30 1-min segments for a total of 30 min.

Photon traces were analyzed by a MATLAB algorithm written in-house.
Briefly, photon counts in the donor, acceptor and total (sum of donor and
acceptor) channels were binned into 1-ms time bins, with the size of the bins
selected to be longer than the average residence time of a molecule in the
focal volume (approximately 500 ps). Individual molecules diffusing through
the focal volume then appear as spikes in the intensity trace over time. To
identify a single-molecule event and eliminate events due to donor-la-
beled-only molecules, bins were only selected when the donor, acceptor,
and total photon counts individually exceeded a threshold set for each of
the channels. Corrections for background, fluorescence bleedthrough, differ-
ences in quantum yields, and detector efficiencies were performed before
the apparent FRET efficiency E,p, was calculated. A population histogram
of E,pp values was then fit with a Gaussian distribution so that the peak posi-
tion of the histogram yielded the average E,p, value.

Measurement of the Forster Radii for Cy3-Cy5 Labeled rU and dT. In order to
make quantitative calculations of the separation between the 3’ and 5’ ends

1. Mandal M, Breaker RR (2004) Gene regulation by riboswitches. Nat Rev Mol Cell Biol
5:451-463.
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by FRET ((R)grer), We have to accurately measure the Forster radius Ry (48) of
the Cy3-Cy5 pair. It is possible that the photophysical properties of Cy3 and
Cy5 are different when they are attached to different nucleic acids (dT vs. rU),
giving rise to different R, in ssDNA and ssRNA, and hence a different calcu-
lated (R)gger- To verify that this was not the case, we measured R, using singly
labeled dT;, and rU;y. The quantum yields of the Cy3-labeled nucleotides
were measured against a Rhodamine 101 calibration standard. The quantum
yields and the spectral overlap of the fluorophores were measured on a spec-
trophotometer (CaryWinUV, Agilent Technologies) and a fluorimeter (PTI
Inc.). We observed that while there were no differences in the spectral
overlap of the two fluorophores when labeled to different nucleic acids,
Cy3-rUqp (QY =0.181+0.011) had a lower quantum yield than Cy3-dTy,
(QY = 0.205 + 0.006). Because R, depends on QY'/6, this resulted in a less
than 3% difference in Ry between ssDNA and ssRNA. We used our experi-
mentally derived R, values of 56.4+ 0.3 A for dT, and 55.0+0.6 A for
rUgp in all our calculations of (R)gger-

SAXS Experiment and Data Reduction. SAXS data were acquired at the Cornell
High Energy Synchrotron Source (CHESS) C1 beamline at 15.1 keV with a sam-
ple-detector distance of approximately 1 m. The DNA/RNA and background
(dialysis buffer) samples were held at 22+ 1°C in a 3-mm path length cell
with SizN4 windows. For each sample, 8 exposures of 10 s duration were re-
corded using a fiber-coupled CCD (49) and normalized by the incident inten-
sity measured with a He ion chamber just before the sample. Images were
azimuthally averaged and checked for time-dependent changes that might
indicate radiation damage. Scattering angle was converted to momentum
transfer (g = 4xsin(20/2)/4) using the diffraction ring from a Silver stearate
standard. For each image, the standard errors in intensity, Al(q;), were esti-
mated using the standard deviation 5; among the N; pixels in each g; bin as
Al(q;) = o;/+/Nj (for our detector geometry, N; > 100 with 120 bins). Errors
were propagated through subsequent averaging, buffer subtraction, and
scaling operations.

Because single-stranded DNA is an extended, highly charged molecule,
careful attention was paid to interparticle interference effects resulting from
electrostatic repulsion. For data taken in each solution condition, SAXS curves
at three DNA concentrations were matched at high g (0.1 < g < 0.35 A
where interparticle interference effects are small and the low g
(g <0.1A7") region was compared. Interparticle interference was found
to be negligible (within error) at a concentration of 75 pM for both RNA
and DNA in 100 mM Nacl.

Simultaneous SAXS-smFRET Fit to the WLC model. X-ray scattering curves were
generated from the WLC model without excluded volume effects using a
semianalytical form factor, fw.c(q,L,/,) (29). To account for the finite thickness
of the nucleic acid, the scattering function was modified by a cross-sectional
scattering factor and is given by: I(q) = lyhyic(q) exp(—q?R% /2) where R% is
the mean squared radius of gyration of the cross section. WLC parameters L
and /, were converted into FRET efficiency using the theoretical end-to-end
distance distribution function, Pw.c(R,L/,), (19, 28)

1

Epppr = | dR————— Py (R 2
FRET A 1+ (R/Ro)° wic( ) [2]

and the FRET-averaged end-to-end distance was calculated
(R)erer = Ro(1/Eprer — 1)"/8.

In order to fit SAXS and smFRET data simultaneously to the WLC model,
we minimized a combined »? function consisting of the SAXS curve and FRET
efficiency with weights given by our best estimate of experimental uncertain-
ties. For SAXS, the Al(g;) were propagated through the data reduction pro-
cedure, and for smFRET, an uncertainty of 2.2% was consistent with the
standard deviation between independent measurements. The best-fit para-
meters /,, R, L, and I, were found using nonlinear least squares (NLINFIT
function in MATLAB). Confidence intervals were calculated from the esti-
mated covariance matrix (50).
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